Abstract This study has focused on solute diffusing into cell walls in solution-impregnated wood under conditioning, process of evaporating solvent. The amount of the diffusion is known to be determined by the solute diffusivity and the solute-concentration difference between cell walls and cell cavities. Purpose of this paper was to clarify the effect of temperature only on the solute diffusivity that is directionally related to the thermal vibration of the solute molecule. The cross-cut block of hinoki (Chamaecyparis obtusa), polyethylene glycol (PEG1540), and water was employed as wood sample, solute, and solvent, respectively. The sample impregnated with a 20 mass% solution was conditioned at 20, 35, or 50°C to finish the solute diffusion evaluated using the dimension of the sample that was conditioned followed by drying in a vacuum. To unify the solute-concentration difference, for all temperatures, the equilibrium moisture content was unified and the solvent-evaporation rate was controlled in three ways during conditioning. The solute diffusivity was higher in order of 35, 50, and 20°C, which was evaluated by the solute diffusion at the same evaporation rate. It is clarified that the diffusivity increases with increasing the dimension of cell walls rather than with increasing the thermal vibration of solute molecule.
Introduction
Chemical treatment of wood is one of the major methods to change its properties such as biodegradability, combustibility, and dimensional instability [1] . In the treatments, the chemical substance has been developed and introduced into wood to control these properties that can lead to some troubles during usage of wood [2] , for example, the deformation of wood under changing climate is decreased by the bulking effect of the introduced substance such as polyethylene glycol (PEG) or phenolformaldehyde resin. For the effective improvement especially of the dimensional stability, the chemical substance is required to exist in wood cell walls rather than in cell cavities [3] .
In the general treatment process, wood is impregnated with a solution of the chemical substance and is subsequently conditioned in the atmosphere to evaporate the solvent from the impregnated wood. Our previous study has shown that most of chemical substance, or solute, diffuses into cell walls during the conditioning process rather than during the impregnation process [4] .
The solute diffusion into cell walls was suggested to be driven by the higher solute concentration in cell cavities than that in cell walls, which is caused by the higher evaporation rate of solvent from cell cavities than that from cell walls [5] . The amount of solute diffusing into cell walls is considered to be increased by increasing the following two factors. The first factor is the difference in solute concentration between cell cavities and cell walls. The second factor is the solute diffusivity into cell walls [6] . It should be noticed that both these factors may be affected by the atmospheric state such as relative humidity (RH) and temperature during the conditioning. The goal of our work was to determine the atmospheric states that maximize the amount of the solute diffused into cell walls by controlling the solute diffusion during conditioning process.
In the previous studies [6] [7] [8] , we have examined the effect of RH with a constant temperature on the solute diffusion into cell walls during the conditioning. In these studies, cross-cut wood samples were used, since they are favorable for causing the solute-concentration difference between cell walls and cell cavities. As solute and solvent in these studies, PEGs and water, respectively, were employed, because the amount of water or PEGs in cell walls and cell cavities can be related to mass or dimension, respectively, of the impregnated wood [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Most of PEGs are confirmed to diffuse into cell walls during conditioning [4] , though the cell walls impregnated with aqueous-PEG solution absorbs far smaller amount of PEGs [22] . Figure 1 shows the mechanism of the effect of the RH on the solute diffusion. It has been clarified that the RH affects the moisture variation in the impregnated wood [6] . The moisture variation also has been clarified to affect the solute-concentration difference [6] and the solute diffusivity [7] , both of which determine the amount of the solute diffused into cell walls (Fig. 1) . On the other hand, the mechanism of the effect of temperature on the solute diffusion has not been investigated. Though there exist studies on the effect of temperature on the amount of the diffused solute [22, 23] , the RH was not be controlled at all, which made it difficult to understand the effect of temperature.
The objective of our study was to clarify the effect of temperature on the solute diffusion into cell walls. In the diffusion, it is more important to focus on the solute diffusivity ( Fig. 1) than the solute-concentration difference. This was because the diffusivity may include the factor of the thermal vibration of the solute molecule that may be controlled only by the temperature. It is, therefore, important to evaluate the effect of temperature only on the diffusivity. The temperature, however, may also affect the concentration difference (Fig. 1) . We noticed that the concentration difference would be unified if the moisture variation during the conditioning was unified for all the controlled temperatures (Fig. 1) .
The purpose of this paper was to clarify the effect of the temperature on the solute diffusivity. Cross-cut wood samples were impregnated with a solution including PEGs and water as solute and solvent, respectively. These samples were conditioned in three ways of the temperature until the end of the solute diffusion. To unify the moisture variation or the solute-concentration difference (Fig. 1) , for all ways, the conditioning was controlled according to the following atmospheric state.
1. For all temperatures, RHs were chosen to unify an equilibrium moisture content (MC), at which the impregnated samples swelled maximally with a temperature of 35°C, confirmed in our previous study [6] . 2. For each temperature, the evaporation rate during conditioning was controlled in three ways, because it was difficult to unify the evaporation rate for all temperatures.
We examined the effect of temperature on the relation between the evaporation rate and the amount of the diffused solute that was evaluated using the dimension of the samples. The solute diffusivity was discussed based on the amount of the diffused solute at the same evaporation rate.
Materials and methods

Sample preparation and impregnation process
Nine cross-cut samples, with dimensions of 5 mm 9 25 mm 9 25 mm in longitudinal (L), radial (R), tangential (T) directions, respectively, were subsequently prepared from a block of hinoki (Chamaecyparis obtusa). The samples were impregnated with deionized water and left in it for 2 months, and their area in RT-cross section, s A , was measured. They were conditioned at 20°C with RH of 60% for 11 months, and subsequently dried at 105°C to relatively constant mass, m O , their RT-crosssectional area, s O , and volume. Their average oven-dry density was 0.380 ± 0.001 g/cm 3 . The dried samples were Fig. 1 Effect on solute diffusion of relative humidity (RH) clarified in our previous studies and of temperature to be examined in this paper impregnated with an aqueous solution of polyethylene glycol (PEG1540, E.P., Wako) with concentration of 20 mass%, and left at 20°C in the solution for 7 months.
Conditioning process
As the conditioning temperatures, 20, 35, or 50°C was chosen for the following two reasons. The first reason was that the impregnated wood in practice is often conditioned at temperatures higher than the room temperature. The second reason was that the PEG1540, employed as a solute, may possibly be decomposed with high temperature; for example, the PEG1540 is confirmed to slightly decompose during the heat treatment at 80°C for 1 week [23] . For 20, 35, or 50°C, saturated aqueous solution of potassium iodide (KI), sodium nitrate (NaNO 3 ), or sodium chloride (NaCl) was placed in the container on the bottom (Fig. 2) to control the RH in it to 70, 72, or 74%, respectively [24] . These RHs were determined to unify the equilibrium MC for all the temperatures on the basis of preliminary experiment. In the container, another container with a hole on the bottom was placed over the saturated solution (Fig. 2) . The diameter of the hole, d, was determined to be 10.0, 17.6, or 34.0 mm for 20°C, 4.1, 7.0, or 14.1 mm for 35°C, and 2.5, 4.5, or 7.5 mm for 50°C. These diameters were determined according to the preliminary experiment, to control the rate of the water evaporation from the sample in the similar range for all temperatures. The conditioning state is summarized in Table 1 . Each impregnated wood sample was conditioned over the hole of the inner container (Fig. 2) according to each conditioning state (Table 1) for 2.03 9 10 3 h. All the samples were subsequently dried at 20°C over a phosphorous pentoxide (P 2 O 5 ) in a vacuum to reach to the relatively constant RT-cross-sectional area.
The mass and RT-cross-sectional area of the sample during the conditioning, m(t) and s(t), respectively, were measured at conditioning time, t, of 0, 1.6, 4.9, 11, 23, 46, 95, 178, 263, 418, 724, 1177, and 2027 h indicated by t i (i = 1, 2,…, 13, respectively). The mass and the area after reaching their constant value during drying in a vacuum, m V and s V , respectively, were measured three times. The MC, M(t), and relative swelling, r(t), of the impregnated samples under conditioning were calculated using the following equations:
Weight percent gain (WPG) after drying in a vacuum was calculate using the following equation:
The values of W V , are also summarized in Table 1 , were not so different among all the conditions. This confirms that the total amount of PEGs in each sample after the conditioning is not so different among all temperatures.
The relative swelling after drying in a vacuum, r V , was calculated using the following equation:
Results and discussion
Moisture variation during conditioning
The temporal variability of MC during conditioning is shown as plots in Fig. 3a, b , or c for 20, 35, or 50°C. The Table 2 . The values of M I and M E were not so different among all conditioning states. This confirms that the equilibrium MCs were unified for all the conditioning states.
To estimate water-evaporation-rate constant, k, the following equation was assumed as the moisture variation, M(t):
The value of k was estimated using M I and M E values in Table 2 , so that the following residual sum of squares, J, became the minimum value (the least square method):
where M i and t i (i = 1, 2,ÁÁÁ, 13) were the measured MC and the corresponding time, respectively (Fig. 3a-c) . The estimated moisture variations were shown as lines in Fig. 3a-c , and the estimated values of k and J are also summarized in Table 2 . The lines were well fitted to the experimental plots, and the value of J was not so different among all the conditioning states. This indicates that Eq. (5) can explain the moisture variation during conditioning. Figure 4 shows the relation of evaporationrate constant, k, to the diameter of the hole, d. For all temperatures, the values of k were correlated strongly with the values of d (R 2 = 0.988, 0.996, and 0.993 for regression lines of 20, 35, and 50°C, respectively). The slope of the regression line increased with temperature. These findings indicate that the evaporation-rate constant was successfully controlled by the diameter of a hole (Fig. 2) . Figure 5 shows the temporal variability of relative swelling of the impregnated samples during conditioning for each temperature. The sample constantly swelled for 35 and 50°C, while it swelled followed by shrinking for 20°C. This phenomenon can be explained by the following mechanism.
Dimensional change during conditioning
1. Mixture ratio of solute to solvent (water) increases during conditioning, since the MC decreases (Fig. 3 ). 2. Relation of relative swelling to this ratio (Fig. 6) shows an upward convex curve with a maximum value of relative swelling [15] . This relation can be explained by the decreasing and subsequent increasing in the cohesive forces among all the solute (PEG)-and solvent (water)-molecules in wood with increasing the mixture ratio [9, 15] . The impregnated sample is known to swell, or the substances adsorbed in the cell walls increased if the cohesive force is decreased [25] . 3. The temperature is expected to affect the mixture ratio at which the cohesive force is minimum, or the MC at which the sample swells maximally (Fig. 6 ). 4. The mixture ratio at the end of conditioning is considered to be smaller and larger than the ratio causing the maximum swelling for 35 or 50°C and for 20°C, respectively (Fig. 6) .
In our previous studies [6, 7] , the solution-impregnated wood under conditioning swells with decreasing RH down to a level, and subsequently shrinks with decreasing RH to the further lower level, respectively, which is consistent with this mechanism.
The relative swelling became constant until the end of the conditioning (Fig. 5) . The relative swelling during conditioning is known to increase with the total amount of substance in cell walls [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and thus to imply the migration of substance into and out of cell walls. These findings indicate that the solute diffusion almost finished until the end of the conditioning.
Dependence of solute diffusion on temperature Figure 7 shows the effect of temperature on the relation between the evaporation-rate constant and the relative swelling after all processes, which is known to be proportional to the amount of the diffused solute into cell walls during conditioning [7, 26] . The amount of the diffused solute increased with increasing the evaporation-rate constant (Fig. 7) . This trend agreed with the trend when the impregnated wood swells during conditioning in our previous study [8] . The cause of this trend is discussed later.
The amount of the diffused solute was larger in order of 35, 50, and 20°C when compared at the same evaporationrate constant (Fig. 7) . This trend coincides with the temperature dependence only on the solute diffusivity, since the moisture variation, or the solute-concentration difference (Fig. 1) , was almost unified for all the temperatures. The higher solute diffusivity in order of 35, 50, and 20°C, however, could not be explained only by the following facts; the thermal vibration of the solute molecule is more active for higher temperature; and the freezing point of PEG1540 (Safety data sheet of Wako Pure Chemical Industries, Ltd., Osaka, Japan), employed as a solute, is 40-50°C. The reason for this is discussed later. Figure 8 shows the relation between the relative swelling at the end of conditioning and that after drying in a vacuum. Since the amount of the diffused solute is in proportion to the relative swelling after drying in a vacuum [7, 26] , the relation in Fig. 8 indicates that the solute diffusion increased with the relative swelling at the end of conditioning. This relation can be explained using the following mechanism: the solute maintained its diffusivity to some extent at the equilibrium MC, about 11% (Table 2) ; the capacity of the space into which the solute can diffuse during conditioning increases with increasing the dimension of the sample, or with swelling of cell walls.
Factors affecting solute diffusivity
This mechanism can explain the reason for the increase in solute diffusion with increasing evaporation-rate b Fig. 3 Temporal variability of moisture content (MC) controlled using diameter of a hole, d (Fig. 2) , for each temperature constant for 35 and 50°C (Fig. 7) . This increase is caused by the increase in the capacity of the space with increasing the rate. On the other hand, the relation between the solute diffusion and the evaporation-rate constant for 20°C cannot be explained by the mechanism. Though this was assumed to be related to the shrinking of the sample (Fig. 5) during conditioning, the reason for this was not clear, which is the challenge to be solved. This mechanism can also explain the reason for the higher solute diffusivity at 35°C than 50°C (Fig. 7) . When considering the effect of temperature, however, thermal vibration is one of the most important factor that also affects the diffusivity, as described above. The diffusivity is considered to increase with increasing the thermal vibration. This consideration indicates that the effect on the solute diffusivity of the thermal vibration is smaller than that of the cell-wall swelling during conditioning.
There remains the possibility such that the swelling of the sample during conditioning would become larger (Fig. 6) if the other RHs and temperatures were selected. It is therefore important to clarify the combination of temperature and RH where the impregnated sample swells maximally during conditioning.
The solute diffusivity in this study was evaluated only when the solute diffusion finished during conditioning Fig. 4 Relation of water-evaporation-rate constant to diameter of a hole (Fig. 2) for each temperature ( Fig. 5) . The time until the solute diffusion finished was expected to decrease with increasing temperature, since the thermal vibration is more active at higher temperature. This was supported by the fact that increasing rate of the swelling at early stage of conditioning increased with temperature when compared in the same evaporation-rateconstant group (Fig. 5) . These indicate that the effect of temperature on the solute-diffusion rate should be clarified by evaluating the time to finish the solute diffusion for each temperature, as the next challenge.
Conclusion
This paper dealt with the effect of temperature on the solute diffusivity into cell walls during conditioning of solution-impregnated wood. The cross-cut block of hinoki, PEG1540, and water was employed as wood sample, solute, and solvent, respectively. The wood sample impregnated with a 20 mass% solution was conditioned at 20, 35, or 50°C until the dimension of the sample became almost constant. The amount of diffused solute during conditioning was evaluated using the dimension of the sample that was conditioned followed by drying in a vacuum. To unify the solute-concentration difference, for all temperatures, the equilibrium MC was unified and the evaporation-rate constant was controlled in three ways during conditioning. The solute diffusivity was evaluated using the amount of the diffused solute at the same evaporation-rate constant. The diffusivity was higher in order of 35, 50, and 20°C. It is clarified that the diffusivity increases with increasing the dimension of cell walls rather than with increasing the thermal vibration of solute molecule.
To finish conditioning in shorter time, however, it is clearly preferable to condition at as high temperature as possible. The following subject, therefore, should be studied as the next challenge for the conditioning process:
1. to clarify the combination of RH and temperature where impregnated wood swells maximally; Fig. 6 Approximate relation of relative swelling to mixture ratio of solute (PEG) and solvent (water) [15] considered for each temperature Fig. 7 Relation of relative swelling after all processes to evaporation-rate constant for each temperature. Error bars standard deviation Fig. 8 Relation between relative swelling at the end of conditioning and that after all processes in three ways of evaporation-rate constant for each temperature. Error bars standard deviation 2. to clarify the effect of temperature on the solutediffusion rate.
